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(54) Rod lens array for optical imaging system 

(57) An optica! imaging system includes a rod lens array, whose individual lenses have a refractive index distribution 
optimized for high resolving power, which can be expressed by 



n(r) 2 =n 0 2 • {1 -(g • r) 2 +h 4 • (g • r) 4 +h 6 • (g • r) G } 



(Eq.93) 



wherein r is a radial distance from an optical axis of said rod lenses. n 0 is the refractive index at the optical axis of said 
rod lenses, and g, h 4 and h 5 are coefficients of the refractive index distribution. The refractive index distribution coeffi- 
cients h 4 and he are defined, using parameters a, b, c, and d, as 



c -d s h 4 s c + d 
{(h 4 -c)/d} 2 + [{h 6 -(a • h 4 + b)}/e] 2 s 1. 



(Eq. 94) 
(Eq. 95) 
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Description 

[0001] This invention relates to an optical imaging system used in an image transmission portion of. for example, a 
facsimile device or a copier. More particularly, the invention relates to an optical imaging system comprising a plurality 
s of rod lenses arranged in an array. 

[0002] Optical imaging systems comprising a plurality of rod lenses with a refractive index distribution in a radial direc- 
tion that are arranged in an array are widely used in the image transmission portion of, for example, facsimile devices 
or copiers. 

[0003] The refractive index distribution of such rod lenses can be expressed, for example by 

10 ^ 

n(r) 2 =n 0 2 • {1 -(g • r) 2 + h 4 • (g - r) 4 + h 6 • (g • r) 6 } (Eq. 25) 

wherein r is the radial distance from the optical axis of the rod lens, n(r) is the refractive index at the radial distance r 
from the optical axis of the rod lenses. n 0 is the refractive index at the optical axis of the rod lens (center refractive 

75 index), and g. h 4 and he are coefficients for the refractive index distribution. 

[0004] Conventionally, the resolving power demanded from such a rod lens array called for an MTF (modulation trans- 
fer function) of at least 60% when a pattern of 4 - 6 line-pairs/mm (ca. 200dpi - 300dpi) was imaged. To meet this 
demand, it was sufficient to control only g or both g and h 4 of the refractive index distribution coefficients for the rod lens. 
[0005] Recently, however, with the steadily rising quality of printers and scanners, there is a demand for rod lens 

20 arrays with a resolving power of at least 12 line-pairs/mm (ca. 600dpi). To realize a rod lens array having such a high 
resolving power, all refractive index distribution coefficients including h 6 have to be controlled precisely during design 
and fabrication of the rod lens array. 

[0006] It is possible to determine the optimum refractive index distribution coefficients for correcting the spherical 
aberration on the optical axis of a single rod lens. However, in the case of a plurality of rod lenses arranged in an array. 
25 not only spherical aberration, image curvature and astigmatism of the individual lenses, but also the overlapping of 
images from neighboring lenses may change the resolving power. 

[0007] The optimum refractive index distribution changes also with the brightness of the rod lenses. For example, in 
the case of bright rod lenses with a large aperture angle, the refractive index distribution coefficients for a small axial 
spherical aberration are very different from the refractive index distribution coefficients for a small image curvature. The 
30 best resolving power can be attained by striking a balance between the two. 
[0008] The overlapping degree is given by 

m = X 0 /2r 0 (Eq.26) 

35 wherein r 0 is the effective radius of the lens portion, that is the radius of the portion of the rod lenses that functions as 
a lens, and X 0 is the image radius that a single rod lens projects onto the image plane (field of view). Here, Xq is defined 
as X 0 = -r 0 / cos(Z 0 k/P) . wherein Z 0 is the rod lens length and P is the one-pitch length of the rod lens. Even if the 
rod lenses have the same refractive index distribution, the overlapping degree is dependent upon the length of the 
lenses, and thus changes the resolving power. 

40 [0009] Consequently, to attain a high resolving power, the refractive index distribution coefficients have to be deter- 
mined separately in accordance with at least the numerical angle and the overlapping degree of each rod lens. 
[001 0] The present invention has been developed with consideration of these facts. The purpose of the present inven- 
tion is to provide an optical imaging system comprising a plurality of rod lenses arranged in an array, and having a 
refractive index distribution that is ideal for attaining a high resolving power. 

45 [001 1] In order to achieve these purposes, a first configuration of an optical imaging system for focusing light from a 
manuscript (i.e. object) plane onto an image plane in accordance with the present invention comprises a rod lens array 
having a plurality of rod lenses with a refractive index distribution in a radial direction that are arranged in one row so 
that their optical axes are parallel. The refractive index distribution of the rod lenses can be expressed by 

50 n(0 2 =n o 2 • {1 - (g • r) 2 + h 4 • (g • r) 4 + h 6 - (g • r) 6 } (Eq. 27) 

wherein r is a radial distance from an optical axis of the rod lenses. n 0 is the refractive index on the optical axis of the 
rod lenses, and g. h 4 and he are coefficients of the refractive index distribution. Constants a. b. c, d, and e are given by 

a = -10^ (Eq.28) 
LA = 3.632 - 24.54 (g • r 0 )+102.4(g • r 0 ) 2 -172.8(g • r 0 ) 3 
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b=10 LB (Eq.29) 
LB = 3.729 - 28.78 (g • r 0 ) + 131.4 (g • r 0 ) 2 - 238.6 (g • r 0 ) 3 

C = 1 (Eq. 30) 

d = 10 LD • (1 .789 - 0.6063m + 0.06225m 2 ) (Eq. 31) 

LD = 2.216- 18.01 (g • r 0 ) + 53.51 (g • r 0 ) 2 - 73.59 (g • r 0 ) 3 

e = 10 LE • 10 LE2 (Eq. 32) 

LE = 5.327 -47.81 (g • r 0 ) + 197.7 (g • r 0 ) 2 - 334.2 (g • r 0 ) 3 
LE2 = 0.2460 - 0.1669m + 0.00056m 2 

wherein r 0 is a radius of a portion of the rod lenses functioning as a lens, and m is an overlapping degree. The refractive 
index distribution coefficients h 4 and h 6 are in ranges defined by 

20 c<J ^ h 4 ^ c+d (Eq. 33) 

{(h 4 -c)/d} 2 +[{h 6 -(a • h 4+ b)}/e] 2 £ 1 . (Eq.34) 

[0012] According to this first configuration, an optical imaging system can be realized, which comprises a plurality of 
25 rod lenses, arranged in an array, that have a suitable refractive index distribution for attaining a high resolving power of 
at least 12 line-pairs/mm (ca. 600dpi) rf the outer diameter of the lenses is 0.6mm. 

[0013] A second configuration of an optical imaging system for focusing light from an object plane onto an image 
plane in accordance with the present invention comprises a rod lens array having a plurality of rod lenses with a refrac- 
tive index distribution in a radial direction that are arranged in two rows so that their optical axes are parallel. The refrac- 
30 tive index distribution of the rod lenses can be expressed by 

n(r) 2 =n 0 2 - {1 - (g • r) 2 + h 4 • (g • r) 4 + h 6 • (g • r) 6 } (Eq. 39) 

wherein r is a radial distance from an optical axis of the rod lenses. n 0 is the refractive index at the optical axis of the 
35 rod lenses, and g. h 4 and lie are coefficients of the refractive index distribution. Constants a, b, c. d, and e are given by 

a = -10^ (Eq. 40) 

LA= 3.6631 - 25.192 (g • r 0 ) + 103.73 (g • r 0 ) 2 -170.81 (g • r 0 ) 3 

40 

b= 10 LB - (Eq. 41) 

LB = 3.3489-21 .092 (g • r 0 ) + 78.535(g • r 0 ) 2 -128.31 (g • r 0 ) 3 

45 c = 1 (Eq. 42) 

d=10 LD • (1.7805 - 0.6275m -0.064757m 2 ) (Eq. 43) 

LD =2.358 - 22.161 (g • r 0 ) + 84.009(g • r 0 ) 2 - 141.6 (g • r 0 ) 3 

e= 10 LE • 10 LE2 (Eq.44) 
LE = 5.3197- 48.816 (g • r 0 ) + 197.65 (g • r 0 ) 2 -317.05 (g • r 0 ) 3 
LE2 = 0.56302 - 0.42878m + 0.042574m 2 

wherein r 0 is the radius of the portion of the rod lenses functioning as a lens, and m is the overlapping degree. The 
refractive index distribution coefficients h 4 and h 6 are in the ranges defined by 
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c-dsh 4 sc + dand (Eq.45) 
{(h 4 -c)/d} 2 + [{h 6 -(a - h 4 +b)}/e] z s 1. (Eq.46) 

[0014] According to this second configuration, an optical imaging system can be realized, which comprises a plurality 
o rod lenses, arranged in an array, that have a suitable refractive index distribution for attaining a high resolvina Dower 
of at least 12 line-pairs/mm (ca. 600dpi) if the outer diameter of the lenses is 0.6mm. 9 P 

[001 5] It is preferable that the refractive distribution coefficients h 4 and h 6 are in ranges defined by 



c-d/2sh 4 sc + d/2 (Eq 35) 

{2(h 4 -c)/d} 2 + [2{h 6 -(a • h 4 + b)J/e] 2 s 1. (Eq 36) 

[001 6] According to this configuration, an optical imaging system with a more preferable refractive index distribution 
is can be realized. 

mnl H K fe pre,erable 4031 the tractive index no at the optical axis of the rod lenses is in a range of 1 4 s no £ 1 8 
[00181 It is preferable that the product g • r 0 of the refractive index distribution coefficient g and the radius r 0 of the 
POrtonof the rod lenses functioning as a lens is in a range of 0.04 s g . r 0 * 027 . If g . r 0 is smaller than 0.04, the 
image becomes too dark and the time for scanning etc. becomes long. If g . r 0 is larger than 0.27. the influence of the 
image curvature and the astigmatism becomes too large and the resolving power decreases 
[001 9] It is preferable that the refractive index distribution of the rod lenses is given by 



n(r) =n 0 • {1 - (g • r) 2 + f(r)> (Eq 37) 

25 wherein f(r) is a function of r that satisfies 

h 4A ♦ (g • r) 4 +h 6A • (g • r) 6 *f(r) §h 4B • (9 • r) 4 +h 6B • (g • r) 6 



SB * (9 • r) (Eq. 38) 



Z< ' "J? ?F5 'L- r ° (f ° 1 radiUS * the V 0 **™ 0f the rod ,enses ^c^ng as a lens) for two groups of refractive 
r^ni ? » 'but.cn coeffoents (n 0 . g. h 4A . f^) and (n 0 . g. h 4B . h6 B ) that are in the ranges defined by Eq. 28 - Eq 34 

LT?n SZFl J *? rad il! S r ° d *" porton ° f the rod ,enses *«*»ing as a lens is in a range of 005mm 
fj° = °- 6 0 mm ^f cordm 9 to *'s configuration, production and assembly of the rod lenses become easy, and the aber- 
rations of the rod lens array can be kept small. 

E 0 ? 1 • ^ f 16 r * ,ractive index disfri b"ti°n at the peripheral portion of the rod lenses can differ considerably from 
the designed value this portion often cannot be used for the lens. Also, sometimes the lenses comprise a light-absort> 
mg layer to prevent stray light that may be due to total reflection at the lens side surface. Moreover. dependirWtte 
conditions for assembling the rod lens array, sometimes the rod lenses are arranged with a certain S£ 

££o, > . S , functl0nin 9 as a lens and 2R is a distance between the optical axis of two neighboring rod lenses 
ESJSESfS S* 5 [ P iS T ran9S ° S < Z o /p < 1 0 • ^rein 2o is a length of a'rod lens a^ ™tcfg 
rn«« "? le " 9th of 1,16 rod ,enses - According to this configuration, an erected image can be obtained 
SUfS P'eferablettiat the overlapping degree m that is defined as m = X 0 / 2r 0 . wherein Xq is the image radius 
that one rod lens projects onto the image plane and r 0 is the radius of the portion of therod lensesTunctioningas aten? 
« iorlYnZ 2 s" " * " *? m is •« *e image becomes too dark and Te Ze 

£gr^^ 

ITn! fJlf Pfe i I era, iM' at l , f ra " e ' P ' ane trans » 5arent subslrate « arranged so that the object plane is positioned at 
k " * *Z f0d ' enS ^ ACC ° rding to ** embodime "t the object plane can be set at the front foca 

SIS^ the ,6nS SUrfaC6S ° f the rod ,ens arra * ™ s can ^ easily realized by adjusting ll 

Srr t rr ( T S , UbStra,e - ACC ° rding ,0 4,118 embodiment - ■» adjustment of the distance between the rod 
Sipe7 ^ 03,1 bS Simplified ' WWCh maki8 the assembl * 01 106 °P tical ^"9 system 



55 SJnl^^ 6 *T ° f l r0d ' enS US6d in 1,16 optical ima 9 in 9 s y stem accordin 9 to a first and a second 
embodiment of the present invention. 

SI £! S^yr^ I 8 " ° P !! Cal ima9i " 9 s ^ em adding to thefirst embodiment of the present invention. 
Fig. 3 is a graph of the refractive index distribution of the rod lenses used in the optical imaging system acceding 
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to the first and the second embodiment of the present invention. 

Fig. 4 is a schematic drawing illustrating the image-formation with a rod lens used in the optical imaging system 
according to the first and the second embodiment of the present invention. 

Fig. 5 is a schematic drawing of an image composition by the rod lenses used in the optical imaging system accord- 
5 ing to the first and the second embodiment of the present invention. 

Fig. 6 is a schematic drawing illustrating the measurement point of the MTF values for the optical imaging system 
according to the first embodiment of the present invention. 

Fig. 7 illustrates the "good image range" for the refractive index distribution coefficients h 4 and h 6 of the rod lenses 
used in the optical imaging system according to the first and the second embodiment of the present invention. 
io Fig. 8 illustrates the dependency of the constant a. which governs the good image range for the refractive index dis- 
tribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the first embodi- 
ment of the present invention, upon the dimensionless factor g • r 0 . 

Fig. 9 illustrates the dependency of the constant b, which governs the good image range for the refractive index dis- 
tribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the first embodi- 
is ment of the present invention, upon the dimensionless factor g • r 0 . 

Fig. 10 illustrates the dependency of the constant d, which governs the good image range for the refractive index 
distribution coefficients h 4 and he of the rod lenses used in the optical imaging system according to the first embod- 
iment of the present invention, upon the dimensionless factor g • r 0 . 

Fig. 1 1 illustrates the dependency of the constant e. which governs the good image range for the refractive index 
20 distribution coefficients h 4 and hg of the rod lenses used in the optical imaging system according to the first embod- 
iment of the present invention, upon the dimensionless factor g • r 0 . 

Fig. 12 illustrates the dependency of the constants d and e, which govern the good image range for the refractive 
index distribution coefficients h 4 and he of the rod lenses used in the optical imaging system according to the first 
embodiment of the present invention, upon the refractive index n 0 at the optical axis of the rod lenses. 
25 Fig. 13 illustrates the dependency of the constant d, which governs the good image range for the refractive index 
distribution coefficients h 4 and hg of the rod lenses used in the optical imaging system according to the first embod- 
iment of the present invention, upon the overlapping degree m. 

Fig. 14 illustrates the dependency of the constant e. which governs the good image range for the refractive index 
distribution coefficients h 4 and he of the rod lenses used in the optical imaging system according to the first embod- 
30 iment of the present invention, upon the overlapping degree m. 

Fig. 15 illustrates the dependency of the constant b, which governs the good image range for the refractive index 
distribution coefficients h 4 and he of the rod lenses used in the optical imaging system according to the first embod- 
iment of the present invention, upon the overlapping degree m. 

Fig. 16 is a sectional drawing of an optical imaging device comprising a parallel plane transparent substrate, in 
35 accordance with the first and the second embodiment of the present invention. 

Fig. 17 illustrates another way of determining a good image range for the refractive index distribution coefficients 
h 4 and h 6 of the rod lenses used in the optical imaging system according to the first and the second embodiment 
of the present invention. 

Fig. 18 is a perspective view of an optical imaging system according to the second embodiment of the present 
40 invention. 

Fig. 19 is a schematic drawing illustrating the measurement point of the MTF values for the optical imaging system 
according to the second embodiment of the present invention. 

Fig. 20 illustrates the dependency of the constant a, which governs the good image range for the refractive index 
distribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the second 
45 embodiment of the present invention, upon the dimensionless factor g • r 0 . 

Fig. 21 illustrates the dependency of the constant b, which governs the good image range for the refractive index 
distribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the second 
embodiment of the present invention, upon the dimensionless factor g • r 0 . 

Fig. 22 illustrates the dependency of the constant d, which governs the good image range for the refractive index 
so distribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the second 
embodiment of the present invention, upon the dimensionless factor g • r 0 . 

Fig. 23 illustrates the dependency of the constant e. which governs the good image range for the refractive index 
distribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the second 
embodiment of the present invention, upon the dimensionless factor g • r 0 . 
55 Fig. 24 illustrates the dependency of the constants d and e, which govern the good image range for the refractive 
index distribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the sec- 
ond embodiment of the present invention, upon the refractive index r^ at the optical axis of the rod lenses. 
Fig. 25 illustrates the dependency of the constant d. which governs the good image range for the refractive index 
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distribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system accotding to the second 
embodiment of the present invention, upon the overlapping degree m. 

Fig. 26 illustrates the dependency of the constant e. which governs the good image range for the refractive index 
distribution coefficients h 4 and he of the rod lenses used in the optical imaging system accoiding to the second 
embodiment of the present invention, upon the overlapping degree m. 

Fig 27 illustrates the dependency of the constant b. which governs the good image range for the refractive index 
distribution coefficients h 4 and h 6 of the rod lenses used in the optical imaging system according to the second 
embodiment of the present invention, upon the overlapping degree m. 

[0025] The following is a more detailed description of the embodiments of the present invention. 
First Embodiment 



[0026] As is shown in Figs. 1 and 2. a plurality of columnar rod lenses 1 with a refractive index distribution in the radial 
direction is arranged in one row in a rod lens array 2 for one-tone imaging with their optical axes 1a in parallel This opti- 
cal imaging system focuses light from an object plane 3 onto an image plane 4. the planes being arranged on the two 
sides of the rod lens array 2. 

[0027] As is shown in Fig. 3. the refractive index n of the rod lenses 1 underlies a distribution in the radial direction 
which can be expressed by ' 

"« 2 =n 0 2 • {1-(g • r) 2 + h 4 • (g • r) 4 +h 6 • (g • r) 6 } (Eq . 51) 

wherein r is a radial distance from an optical axis la of the rod lenses 1 . n(r) is the refractive index at the radial distance 
r from the optical axis la of the rod lens 1. n,, is the refractive index at the optical axis 1a of the rod lenses 1 (center 
refractive index), and g. h 4 and h 6 are coefficients of the refractive index distribution 

[0028] To attain erected images as shown in Fig. 4. the ratio Zo/P of the length Zq of the rod lenses 1 and a one-pitch 
length P = 2*/g of the rod lenses 1 has to be in the range 0.5 < Z 0 /P < T .0 . 

[0029] The distance Lo between the edge (lens surface) of the rod lens array 2 and the object plane 3 and the distance 
Lo between the edge (lens surface) of the rod lens array 2 and the imaging plane 4 (see Fig. 2) can be expressed by 

L 0 = - n/(n 0 * g)} • tan (Z 0 n/P). (Eq 52 ) 

[0030] It is preferable that the radius r 0 of the effective rod lens portion, that is the radius of the rod lens portion func- 
tioning as a lens, is in a range of 0.05mm s r 0 s 0.60mm. 

[0031] Lenses with a small r 0 can attain a high resolution more easily because the amount of image distortion due to 
the various aberrations of the rod lenses 1 increases proportionally with the size of the entire lens. On the other hand 
!! nSe U , an r ° Sma " er 0 05mm are difficult to P roduce and to assemble. Also, when the radius r 0 of the 
?™, Ve ^ POrt '° nS in the rod lens array 2 is ,ar 9 er t" 3 " 0 6°mm. *e aberration becomes too large 
[0032] The realizable value r^ for the refractive index at the optical axis la of the rod lenses 1 (center refractive index) 

fS? IT 013 f0r r0d ' enSeS (g,ass or Syr**** resin ) and is in the range of 1 .4 s rv, s i .8. The brightness 
1 h T I 588 1 depends , on *» dimensionless factor g . r 0 or from the aperture angle indicating the range over 
which the lenses can accept light. The aperture angle en can be expressed by 

e = (n 0 • g - r 0 )/(* / 180). (Eq.53) 

2 03 ? «Au preferab,e tnat tne dimensionless factor g • r 0 is in the range 0.04 s g • r 0 s 0.27 . H g • r Q is smaller 

' ma9e f 5 10 ° ^ * he * ime f0r SCannin9 ^ beC0mes ,on 9- « 9 • r 0 is larger than 0.27, the 
' mage curvature and the astigmatism becomes too large and the resolving power decreases 

?E?24« Pr6,erable ran9e fof 9 ' r °' for examp,e for a center refractive index of n 0 = 1 .60. corresponds to about 4» 

[0035] In an optical imaging system comprising such a rod lens array 2. a compound image is formed by the rod 
enses 1 on the image plane 4. as is shown in Fig. 5. so that it is convenient to introduce a dimensionless factor describ- 
ing the amount of overlap, that is, the so-called "overlapping degree". This overlapping degree m can be expressed as 

m = X o/2'' 0 (Eq. 54) 

wherein Xois the image radius (field of view) that a single rod lens 1 projects onto the image plane 4 and is defined as 
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[0036] It is preferable that the overlapping degree m of the rod lens array 2 is in the range I.O^ms 5.0. If the over- 
lapping degree m is larger than 5.0, the image becomes too dark and the time for scanning etc. becomes long. If the 
overlapping degree m is smaller than 1.0. periodical irregularities appear in the brightness of the image plane 4. 
[0037] It is very desirable to match the distance 2R between the optical axes of neighboring rod lenses 1 with 2r 0 

5 (diameter of the effective lens portion of the rod lenses 1), since then the largest amount of light can be focused onto 
the image. However, since the refractive index distribution at the peripheral portion of the rod lenses 1 can differ con- 
siderably from the designed value, this portion can often not be used for the lens. Also, sometimes the lenses comprise 
a light-absorbing layer to prevent stray light due to total reflection at the lens side surface. Moreover, depending on the 
conditions for assembling the rod lens array 2, sometimes the rod lenses 1 are arranged with a certain distance 

io between each other. Considering the above circumstances, the ratio r 0 / R is set in the range of 0.5 s r 0 / R s i.o . 
[0038] When developing the present invention, the inventors took the standard for "high resolution- to mean "a value 
of at least 50% for the MTF of a 24 line-pairs/mm pattern on a center line of a rod lens array 2 comprising a plurality of 
rod lenses 1, which have an effective lens portion radius r 0 of 0.15mm and are arranged in one row so that their optical 
axes 1a are parallel", and determined the refractive index distribution coefficients h 4 and h 6 that fulfill this standard. 

is [0039] To be specific, a rod lens array 2 with the above configuration was designed. Ray tracing was performed taking 
the perpendicular projection of point A as indicated in Fig. 6 onto the object plane for the light source. The MTF values 
of a 24 line-pairs/mm pattern were calculated for the X direction and for the Y direction, and the smaller value was taken 
as the MTF value for the rod lens array 2. The optical design software "Oslo Six" by Sinclair Optics (US) was used for 
the ray tracing. Then, for a rod lens array 2 with parameters as shown in Table 1 , a range of the refractive index distri- 

20 bution coefficients h 4 and h 6 for which the MTF value of a 24 line-pairs/mm pattern is at least 50% was determined. This 
range is called "good image range" of the refractive index distribution coefficients h 4 and h 6 below. The wavelength X of 
the light for the calculation of the MTF value was taken to be 587.6nm. The upper limit of the resolving power due to 
diffraction is sufficiently larger than necessary for this good image range. Consequently in the wavelength region where 
the rod lens array is normally used (about 300 - 2000nm), the same good image range can be applied regardless of the 

25 wavelength. 



Table 1 



30 





n 0 


g (mm" 1 ) 


r 0 (mm) 


g • r 0 


en 


Zo (mm) 


Lq (mm) 


m 


A1 


1.60 


0.29089 


0.15 | 


0.04363 


4 


13.140 


6.0675 


1.50 


A2 


1.60 


0.43633 


0.15 | 


0.06545 


6 


8.758 


4.0506 


1.50 


A3 


1.60 


0.65450 


0.15 


0.09817 


9 


5.838 


2.7023 


1.50 


A4 


1.60 


0.87266 


0.15 


0.13090 


12 


4.379 


2.0253 


1.50 


A5 


1.60 


1.09083 


0.15 


0.16362 


15 


3.503 


1.6208 


1.50 


A6 


1.60 


1 .30900 


0.15 


0.19635 


18 


2.919 


1.3511 


1.50 


A7 


1.60 


1.74533 


0.15 


0.26180 


24 


2.189 


1.0141 


1.50 


B1 


1.40 


0.87266 


0.15 | 


0.13090 


10.5 


4.379 


2.3147 


1.50 


B2 


1.60 


0.87266 


0.15 


0.13090 


12 


4.379 


2.0253 


1.50 


B3 


1.80 


0.87266 


0.15 


0.13090 


13.5 


4.379 


1.8003 


1.50 


C1 


1.60 


0.87266 


0.15 


0.13090 


12 


4.800 


1.2405 


1.00 


C2 


1.60 


0.87266 


0.15 


0.13090 


12 


4.379 


2.0253 


1.50 


C3 


1.60 


0.87266 


0.15 


0.13090 


12 


4.179 


2.7743 


2.00 


C4 


1.60 


0.87266 


0.15 


0.13090 


12 


3.984 


4.2345 


3.00 


C5 


1.60 


0.87266 


0.15 


0.13090 


12 


3.887 


5.6890 


4.00 


C6 


1.60 


0.87266 


0.15 


0.13090 


12 


3.830 


7.1130 


5.00 



55 [0040] Under any of the conditions shown in Table 1. the good image range can be drawn as a narrow ellipse in a 
Cartesian coordinate system having h 4 as the X-axis and h 6 as the Y-axis, as shown in Fig. 7. This good image range 
can be expressed by 
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c-dsh 4 s c+ d (Eq55) 
Kh4-c)/d} 2 + [{h 6 -(a • h 4+ b)}/e] 2 si (Eq.56) 

5 wherein a is the slope of the central axis, b is the intercept of the central axis with the h 6 -axis. c is the ru-coordinate of 
thecerrter of the central axis, d is the half width of the rangespanned by the ellipse in the h 4 W^^^^ 
of the ellipse in the h 6 -direction at its central h^value. airecnon. e is tne half width 

[0041] The following is a discussion of how changes of the dimensionless factor g • r 0 . the refractive index at the 
io Tc J, Trt a 1 {Centra ' fefraCtiVe ind6X)l and th6 ° Ver,appin9 d< * ree m influence theJecSns^nls a 

<D Influence of a Change of g ♦ r 0 

, 5 th™ rf r i9S ' i!° V, Sh T ^ d f end6nCy ° f the constants a - °. c. d and e on the dimensionless factor g • r 0 under 
is the cond.t.on S A1 - A7 in Table 1 (i.e.. the refractive index r^ = 1.60 at the optical axis 1a of the rod lenses 1 fcentra 

T^l conTtam Sue? = * ^ ^ ^ «« ™ ™^ 

[0043] From Figs. 8 to 1 1 . the constants a. b. d. and e can be expressed as polynomials of the dimensionless factor 



20 



25 



30 



log(-a) = 3.632 - 24.54 (g • r 0 ) + 1 02.4 (g • r 0 ) 2 - 1 72.8 (g • r 0 ) 3 (Eq . 57) 

log(b) = 3.729 - 28.78 (g • r 0 ) + 131 .4 (g • r 0 ) 2 - 238.6 (g • r 0 ) 3 (Eq . 58) 

log(d) = 2.216 - 18.01 (g • r 0 ) + 53.51 (g . r 0 ) 2 - 73.59 (g • r 0 ) 3 (Eq . 59) 

tog(e) = 5.327 - 47.81 (g • r 0 ) + 197.7 (g • r 0 ) 2 - 334.2 (g • r 0 ) 3 (Eq . «,) 
In Eqs. 57 to 60. log" means the common logarithm with a base of 10. 
© Influence of a Change of n 0 

!StL!?i" )t ST V e tepefy of the constants d and e on the refractive index n 0 at the optical axis 1 a of the 
rod lenses 1 (central refractive index under the conditions B1 - B3 in Table 1 (i e a dimensionlessfe^nr 

35 °; 3 r f US r ° = °- 15mm * the 6ffeCtive ,ens «* an ^erlaSing degVee m? I S) tS ^stents a°b 

and c have the constant values a = -68. b = + 52. c = + 1 . Fig. 12 shows the^lues o?d and e as normal vSuiwii 
do ar* eo ,nd,cat>ng the d and e for n 0 = 1.60. It can be seen from Fig. 12 that d and e are ccnstani Zfn wheels 

40 (J) influence of a Change of m 

tfontci F S '££Z i 4 r ShOW ? dependen< * rt constorts ° and e on the overlapping degree m under the condi- 
?l? V5 6 ,nTab,e1 0 e.. a dimensionless factor g • r 0 = 0.13090. an aperture angle 6 = 12- a refractive ind«n 

« «Jnf th 1 ^ TH"* 1a ° f ^ ^ ' 6nSeS 1 (Centra ' refraCtive index >' a ™*« r ° = 0 1sL o, 

values with bo md.cat.ng the b for m - 1 .5. It can be seen from Fig. 1 5 that b is almost constant even when m is varied 

[0046] Based on Figs. 13 and 14, the constants d and e can be expressed by 

d /d 0 = 1.789 - 0.6063m + 0.06225m 2 and ( Eq 61 ) 

log(e / e 0 ) = 0.2460 - 0. 1 669m + 0.00056m 2 (Eq 62 ) 
55 wherein d 0 and e 0 are the d and e for m = 1 .50 

expressed using the dimensionless factor g • r 0 and the overlapping degree m: 
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a = -10^ (Eq. 63) 

LA = 3.632 - 24.54 (g * r 0 )+ 102.4 (g • r 0 ) 2 - 172.8 (g • r 0 ) 3 

b=10 LB (Eq. 64) 

LB = 3.729 - 28.78 (g • r 0 ) + 131.4(g • r 0 ) 2 -238.6(g • r 0 ) 3 

C = 1 (Eq. 65) 

d = 10 LD • (1 .789 - 0.6063m + 0.06225m 2 ) (Eq. 66) 

LD = 2.216- 18.01 (g • r 0 ) + 53.51 (g • r 0 ) 2 - 73.59 (g • r 0 ) 3 

e = 10 LE -10 LE2 (Eq.67) 
LE = 5.327 - 47.81 (g • r 0 )+ 197.7 (g • r 0 ) 2 - 334.2 (g • r 0 ) 3 
LE2 = 0.2460 - 0. 1669m + 0.00056m 2 



10 



20 



25 



[0048] if the radius r 0 of the effective lens portion of the rod lenses 1 takes a value other than 15mm, the amount of 
image distortion resulting from all aberrations of the rod lenses 1 increases proportionally to r 0 , so that the good image 
range for the refractive index distribution coefficients h 4 and h 6 defined by Eqs. 55, 56, and 63 to 67 generally describes 
the following ranges: 



r 0 = 0.05mm 
r 0 = 0.30mm 



MTF for a 72 line-pairs/mm pattern is greater than 50% 
MTF for a 12 Kne-pairs/mm pattern is greater than 50% 



30 r 0 = 0.60mm: MTF for a 6 line-pairs/mm pattern is greater than 50% 

[0049] In this embodiment, it is preferable that a transparent substrate 5 with a parallel plane surface (cover glass) is 
arranged in a manner that the object plane 3 is located at the front focal position of the rod lens array 2, as shown in 
Fig. 16 (a). With this configuration, the object plane 3 can be set at the front focal position just by pressing the manu- 

35 script to the surface of the transparent substrate 5. Moreover, it is preferable that the parallel plane transparent sub- 
strate (cover glass) 5 contacts the lens surface of the rod lens array 2, as shown in Fig. 16 (b). This can be easily 
realized by adjusting the thickness of the transparent substrate (cover glass) 5. According to this embodiment, the 
adjustment of the distance between the rod lens array 2 and the front focal position can be simplified, which makes the 
assembly of the optical imaging system cheaper. 

40 [0050] Moreover, in this embodiment, the good image range is defined by Eqs. 55 and 56, but an even better image 
range can be achieved by defining it with 

c-d/2 * h 4 ^ c + d/2 (Eq. 68) 

45 {2(h 4 -c)/d) 2 +[2{h 6 -(a * h 4 +b))/e] 2 ^ 1. (Eq. 69) 

[0051 ] Moreover, in this embodiment, the refractive index distribution of the rod lenses 1 is expressed by Eq. 51 . How- 
ever, it is not limited to such a distribution. For example, assuming that the secondary refractive distribution coefficient 
g, which governs the refractive power near the optical axis, stays the same, the refractive index distribution of the rod 
so lenses 1 can be generally expressed by 

n(r) 2 = n 0 2 • {1 - (g • r) 2 + f(r)} (Eq. 70) 

55 wherein f(r) is a function of r. 

[0052] When the refractive index distribution can be expressed by the general Eq. 70, and f(r) satisfies 

h 4A • (g • r) 4 + h6A • (g • r) 6 ^f(r) * h 4B • (g • r) 4 ih^ • (g • r) 6 (Eq. 71) 
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15 



20 



25 



40 



45 



50 



55 



for r in a range of 0 * r * r 0 for two groups of refractive index distribution coefficients (n 0 , g, h 4A , h 6A and (n 0 g h 4B 
h 6B ) that are in the ranges defined by Eqs. 55, 56, and 63 to 67. as shown in Fig. 17, then a "good image range" can 
be attained for the refractive index distribution. 



5 Second Embodiment 



[0053] As is shown in Figs. 1 and 18, in this embodiment, a plurality of columnar rod lenses 1 with a refractive index 
distribution in the radial direction are arranged in two rows in a rod lens array 2 for one-to-one imaging with their optical 
axes 1a in parallel. This optical imaging system focuses light from an object plane 3 onto an image plane 4 the planes 
10 being arranged on the two sides of the rod lens array 2. 

[0054] As is shown in Fig. 3, the refractive index n of the rod lenses 1 underlies a distribution in the radial direction 
which can be expressed by 



n(r) =n 0 • {1 - (g • r) 2 + h 4 • (g • r) 4 + h 6 • (g • r) 6 } (Eq. 72) 

wherein r is a radial distance from an optical axis 1 a of the rod lenses 1 , n(r) is the refractive index at the radial distance 
r from the optical axis 1a of the rod lens 1, no is the refractive index at the optical axis 1a of the rod lenses 1 (center 
refractive index), and g f h 4 and h 6 are coefficients of the refractive index distribution. 

[0055] To attain erected images as shown in Fig. 4, the ratio Zq I P of the length Zq of the rod lenses 1 and a one-pitch 
length P = 2 n /g of the rod lenses 1 has to be in the range 0.5 < 2 0 /P < 1 .0 . 

[0056] The distance Lq between the edge (lens surface) of the rod lens array 2 and the object plane 3 and the distance 
Lq between the edge (lens surface) of the rod lens array 2 and the imaging plane 4 (see Fig. 18) can be expressed by 

L 0 = "{1 / (n 0 • g)] • tan (Z 0 n I P). (Eq 73) 

[0057] It is preferable that the radius r 0 of the effective rod lens portion, that is the radius of the rod lens 1 functioning 
as a lens is in a range of 0.05mm ^ r 0 ^ 0.60mm. 

[0058] Lenses with a small r 0 can attain a high resolution more easily, because the amount of image distortion due to 
the various aberrations of the rod lenses 1 increases proportionally with the size of the entire lens On the other hand 

30 rod lenses 1 with an r 0 smaller than 0.05mm are difficult to produce and to assenfcle. Also, when the radius r 0 of the 
effective rod lens portions in the rod lens array 2 is larger than 0.60mm, the aberration becomes too large 
[0059] The realizable value n 0 for the refractive index at the optical axis 1a of the rod lenses 1 (center refractive index) 
depends on the material for the rod lenses (glass or synthetic resin) and is in the range of 1 .4 ^ r^ 1 .8. The brightness 
of the rod lenses 1 depends on the dimensionless factor g • r 0 or from the aperture angle indicating the range over 

35 which the lenses can accept light. The aperture angle e (°) can be expressed by 

e = (n 0 • g * r 0 )/(7c/180). (Eq. 74) 

[0060] It is preferable that the dimensionless factor g • r 0 is in the range 0.04 == g • r 0 s 0.27. If g • r 0 is smaller than 
0.04. the image becomes too dark and the time for scanning etc. becomes long. If g • r 0 is larger than 0 27 the influ- 
ence of the image curvature and the astigmatism becomes too large and the resolving power decreases 
[0061] The preferable range for g • r 0 . for example for a center refractive index of n 0 = 1 .60, corresponds to about 4° 
5 6 ^ 24°. 

[0062] In an optical imaging system comprising such a rod lens array 2, a compound image is formed by the rod 
lenses 1 on the image plane 4. as is shown in Fig. 5. so that it is convenient to introduce a dimensionless factor describ- 
ing the amount of overlap, that is. the so-called "overlapping degree". This overlapping degree m can be expressed as 

m = X 0 /2r 0 (Eq. 75) 

wherein Xq is the image radius (field of view) that a single rod lens 1 projects onto the image plane 4. which is defined 
as x o =- r o /cos ( z o * /p )- 

[0063] It is preferable that the overlapping degree m of the rod lens array 2 is in the range 1 0 § m s 5 0 If the over- 
lapping degree m is larger than 5.0. the image becomes too dark and the time for scanning etc. becomes long. If the 
overlapping degree m is smaller than 1.0. periodical irregularities appear in the brightness of the image plane 4. 
[0064] It is very desirable to match the distance 2R between the optical axes of neighboring rod lenses 1 with 2r 0 
(diameter of the effective lens portion of the rod lenses 1). since then the largest amount of light can be focused on the 
image. However, since the refractive index distribution at the peripheral portion of the rod lenses 1 can differ consider- 
ably from the designed value, this portion can often not be used for the lens. Also, sometimes the lenses comprise a 
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light-absorbing layer to prevent stray light due to total reflection at the lens side surface. Moreover, depending oil the 
conditions for assembling the rod lens array 2. sometimes the rod lenses 1 are arranged with a certain distance 
between each other. Considering the above circumstances, the ratio r 0 / R is set in the range of 0.5 sr 0 /Rsi.O. 
[0065] When developing the present invention the inventors took the standard for "high resolution" to mean "a value 

5 of at least 50% for the MTF of a 24 line-pairs/mm pattern on a center line of a rod lens array 2 comprising a plurality of 
rod lenses 1 . which have an effective lens portion radius r 0 of 0.15mm and are arranged in two rows so that their optical 
axes 1a are parallel", and determined the refractive index distribution coefficients h 4 and he that fulfill this standard. 
[0066] To be specific, a rod lens array 2 with the above configuration was designed. Ray tracing was performed taking 
the perpendicular projection of a point B as indicated in Fig. 19 onto the object plane for the light source. The MTF val- 

10 ues of a 24 line-pairs/mm pattern were calculated for the X direction and for the Y direction, and the smaller value was 
taken as the MTF value for the rod lens array 2. The optical design software "Oslo Six" by Sinclair Optics (US) was used 
for the ray tracing. Then, for a rod lens array 2 with parameters as shown in Table 1 . a range of the refractive index dis- 
tribution coefficients h 4 and h 6 for which the MTF value of a 24 line-pairs/mm pattern is at least 50% was determined. 
This range is called "good image range" of the refractive index distribution coefficients h 4 and h 6 below. 

is [0067] Under any of the conditions shown in Table 1 , the good image range can be drawn as a narrow ellipse in a 
Cartesian coordinate system having h 4 as the X-axis and h 6 as the Y-axis, as shown in Fig. 7. This good image range 
can be expressed by 



20 



c-d^h 4 ^c + d 
{(h 4 -c)/d} 2 +[{h 6 -(a • h 4+ b)}/e] 2 s 1 



(Eq. 76) 
(Eq. 77) 



wherein a is the slope of the central axis, b is the intercept of the central axis with the h 6 -axis, c is the h 4 -coordinate of 
the center of the central axis, d is the half width of the range spanned by the ellipse in the h 4 -direction. e is the half width 
25 of the ellipse in the h 6 -direction at its central h 4 -value. 

[0068] The following is a discussion of how changes of the dimensionless factor g • x Q . the refractive index n 0 at the 
optical axis 1a of the rod lenses 1 (central refractive index), and the overlapping degree m influence these constants a. 
b. c, d, and e. 



30 (g) Influence of a Change of g • r 0 



[0069] Figs. 20 to 23 show the dependency of the constants a, b, c, d and e upon the dimensionless factor g • r 0 
under the conditions A1 - A7 in Table 1 (i.e., the refractive index n 0 = 1 .60 at the optical axis 1a of the rod lenses 1 (cen- 
tral refractive index), a radius r 0 = 0.1 5mm of the effective lens portion, and an overlapping degree m = 1 .50). The con- 
35 stant c has the constant value 1 . 

[0070] From Figs. 20 to 23. the constants a, b, d, and e can be expressed as polynomials of the dimensionless factor 
9 • r 0 : 



40 



log(-a) = 3.6531 - 25.192 (g • r 0 ) + 103.73 (g • r 0 ) 2 - 170.81 (g • r 0 ) 3 (Eq. 78) 

log(b) = 3.3489-21.092 (g • r 0 ) + 78.535 (g • r 0 ) 2 - 128.31 (g • r 0 ) 3 (Eq. 79) 

log(d) = 2.358 -22.161 (g • r 0 ) + 84.009(g • r 0 ) 2 -141.6(g • r 0 ) 3 (Eq. 80) 

45 log(e) = 5.3197- 48.816 (g • r 0 ) + 197.65 (g • r 0 ) 2 - 317.05 (g • r 0 ) 3 (Eq. 81) 



[0071 ] In Eqs. 78 to 81 , "log" means the common logarithm with a base of 1 0. 



<S> Influence of a Change of no 

so 

[0072] Fig. 24 shows the dependency of the constants d and e on the refractive index n 0 at the optical axis 1a of the 
rod lenses 1 (central refractive index) under the conditions B1 - B3 in Table 1 (i.e.. a dimensionless factor 
g • r 0 = 0.13090 , a radius r 0 = 0.15mm of the effective lens portion, and an overlapping degree m = 1.50). The con- 
stants a. b. and c had the constant values a = -60. b = +46, c = +1 . Fig. 24 shows the values of d and e as normalized 
55 values with d 0 and eo indicating the d and e for n 0 = 1 .6. It can be seen from Fig. 24 that d and e are constant even when 
n 0 is varied. 
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d> Influence of a Change of m 

taCl F S'in 5J2 f r ShOW i he depen ? en< * * *• °° nsterrts d and e on the overlapping degree m under the condi- 
? J ,* J ^ 6 1 ° e - a d,mensionless factor g • r 0 = 0.13090 . an aperture angle e = 12-. a refractive index n„ 

taf t£^22!"" h 3 o r e ? Ienses 1 (central refractive index) - a * = ™*™ - tS3SE?iSS5 

t.on). The constants a and c have the constant value a = -60 and c = +1 . Fig. 27 shows the values of b as normalized 
values wrth bo .nd.cat.ng the b for m = 1 .5. It can be seen from Fig. 27 that b is almost constant e5n i when m°™ Sf 

l^sTtfit S 1 ^ 6 " ,r ° m RgS - ? 26 ' the n0rmaHzed Va,USS °' d and e beoome «*r when m beoornt 
large, so that the good .mage range shrinks. 

[0074] Based on Figs. 25 and 26, the constants d and e can be expressed by 

d / d 0 = 1 .7805 - 0.6275m - 0.064757m 2 and (Eq 
'og(e / e 0 ) = 0.56302 - 0.42878m + 0.042574m 2 ( Eq ^ 

wherein d 0 and e 0 are the d and e for m = 1 .50. 

♦h! 75 ! 1° SU T D e T U ' tS ° f ®- ® and ® 1 the constarrts a - b. C d. and e, which govern the good image range for 
the refract.ve .ndex d.str.butoon coefficients h 4 and h 6 for a radius r 0 = 0.15mm of the effective lens portion 2n £ 
expressed us.ng the dimensionless factor g . r 0 and the overlapping degree m: 

(Eq. 84) 



a--™" 



LA = 3.6631 - 25.192 (g • r 0 )+ 103.73 (g • r 0 ) 2 - 170.81 (g • r 0 ) : 



b=10 LB 



LB = 3.3489- 21.092 (g - r 0 ) + 78.535 (g • r 0 ) 2 - 128.31 (g • r 0 ) 3 

c = 1 



(Eq. 85) 



(Eq. 86) 



d = 10 LD • (1.7805 -0.6275m -0.064757m 2 ) (Eq 87) 

LD =2.358 - 22.161 (g • r 0 )+ 84.009 (g • r 0 ) 2 - 141.6 (g • r 0 ) 3 



e=10 LE • 10 LE2 



LE= 5.31 97 - 48.816 (g • r 0 ) + 197.65 (g • r 0 ) 2 - 317.05 (g • r 0 ) : 
LE2 = 0.56302 - 0.42878m + 0.042574m 2 



(Eq. 88) 



[0076] If the radius r 0 of ihe effective lens portion of the rod lenses 1 takes a value other than 15mm the amount of 
.rmged.stort.on resulting from all abenations of the rod lenses 1 increases proportionally toV 0 so tMttw go£°maae 

So^ 

r 0 = 0.05mm: MTF for a 72 line-pairs/mm pattern is greater than 50% 

r 0 = 0.30mm: MTF for a 12 line-pairs/mm pattern is greater than 50% 

r 0 = 0.60mm: MTF for a 6 line-pairs/mm pattern is greater than 50% 

Eed hTiZSrSil £S e ? ble l hat , a transparent substrate (cover 9,ass > 5 «* a p |ane 

F a MG 7a Z J*^ 3 ' S ' OCated at the frorrt 10031 P° sition * * e «* tens array 2, as shown in 

Sio to L^~^ ra * m - the P ' ane 3 be set at the frorrt focal P 08 * 0 " iust by Pressing the manu- 

sS ££er al2f ^USSTE ^f^i M ° re ° Ver - * * pre,erab,e that *• #™ tran^arem sub- 

stra e (cover glass) 5 contacts the lens surface of the rod lens array 2. as shown in Fiq 16 (b) This can be ea <sik, 

SUbStrate (C0V6r 9,aSS) 5 - AccorSinglol, EES£rX 
adjustment of the d.stance between the rod lens array 2 and the front focal position can be simplified, which makes the 
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assembly of the optical imaging system cheaper. 

[0078] Moreover, in this embodiment, the good image range is defined by Eqs. 76 and 77, but an even better image 
range can be achieved by defining it with 



5 c-d/2 == h 4 ^ c + d/2 (Eq. 89) 

{2(h 4 -c)/d} 2 +[2{h 6 -(a - h 4 +b)}/e] 2 ^ 1. (Eq.90) 

[0079] Moreover, in this embodiment, the refractive index distribution of the rod lenses 1 is expressed by Eq. 72. How- 
to ever, it is not limited to such a distribution. For example, assuming that the secondary refractive distrfoution coefficient 
g, which governs the refractive power near the optical axis, stays the same, the refractive index distribution of the rod 
lenses 1 can be generally expressed by 

n(r) 2 = n 0 2 - {1 - (g • r) 2 +f(r)} (Eq. 91) 

75 

wherein f(r) is a function of r. 

[0080] When the refractive index distribution can be expressed by the general Eq. 91 , and f(r) satisfies 

h 4A • (9 • 0 4 + h 6A • (g • r) 6 * f(r) *h 4B • (g • r) 4 +h 6B - (g • r) 6 (Eq. 92) 

20 

in a range of 0 £ r s r 0 for two groups of refractive index distribution coefficients (n 0 , g, h 4A , h 6A ) and (n 0 , g, h 4B , h 6B ) 
that are in the ranges defined by Eqs. 76, 77, and 84 to 88, as shown in Fig. 17, then a "good image range can be 
attained for the refractive index distribution. 



25 Claims 

1 . An optical imaging system for focusing light from an object plane onto an image plane, comprising: 

a rod lens array having a plurality of rod lenses with a refractive index distribution in a radial direction that are 
30 arranged in one row so that their optical axes are parallel; 

wherein the refractive index distribution of said rod lenses can be expressed by 

n(r) 2 -n 0 2 • {1 - (g • r) 2 + h 4 - (g • r) 4 + h 6 • (g • r) 6 } (Eq. 1) 

35 wherein r is a radial distance from an optical axis of said rod lenses. n 0 is a refractive index at the optical axis 

of said rod lenses, and g. h 4 and h 6 , are coefficients of the refractive index distribution; 
constants a, b, c, d. and e are given by 



40 



a = -10 LA (Eq. 2) 

LA = 3.632 - 24.54 (g - r 0 ) + 102.4 (g - r 0 ) 2 - 172.8 (g - r 0 ) 3 

b=10 LB (Eq.3) 

45 LB = 3.729 - 28.78 (g • r 0 ) + 131.4 (g • r 0 ) 2 -238.6(g • r 0 ) 3 

c = 1 (Eq. 4) 

d = 10 LD • (1.789 - 0.6063m + 0.06225m 2 ) (Eq. 5) 

50 ?i 

LD = 2.216- 18.01 (g • r 0 ) + 53.51 (g • r 0 ) - 73.59 (g • r 0 ) J 



e = 10 Lt • 10 Ltz (Eq.6) 
LE « 5.327 - 47.81 (g • r 0 ) + 197.7 (g • r 0 ) 2 - 334.2 (g • r 0 ) 3 
LE2 = 0.2460 - 0.1669m + 0.00056m 2 
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TVt ° f ^ ,enSSS fUnCti ° nin9 88 3 ,enS " and m fe an werla PP in 9 degree; and 

the refract.ve.ndexd.str.but.on coefficients^ and h 6 are in ranges defined by 

c-dsh^c-d (Eq7) 
{(h 4 -c)/d} 2 + [{h 6 -(a • h 4 +b)}/e] 2 § i. (Eq 8) 

An optical imaging system for focusing light from an object plane onto an image plane, comprising: 

wherein the refractive index distribution of said rod lenses can be expressed by 

n(r) 2 =n 0 2 . { 1-(g . „« + h 4 • (g . r ) 4 + h e - (g • r) 6 } (Eq . 13) 

US"^ 3 radia ' diStanCe fr0m an ° ptical *** °» said rod ,ens es. "o is a refractive index at the ootical axis 
Hwf lanSeS ; and , 9, h4 and he are coeffi ^ of the refractive inOex distribution ^ 
constants a, b, c, d, and e are given by 



10 



20 



25 



30 



35 



40 



50 



55 



a = -lo LA 

LA = 3.6631 - 25.192 (g . r 0 ) + 103.73 (g • r 0 ) 2 - 170.81 (g • r 0 ) 3 
b=10 LB 

LB = 3.3489 - 21 .092 (g - r 0 ) + 78.535 (g • r 0 ) 2 - 128.31 (g . r 0 ) 3 

c= 1 

» LD 



(Eq. 14) 

(Eq. 15) 
(Eq. 16) 



d = 10 - (1.7805 - 0.6275m -0.064757m 2 ) (£ 
LD = 2.358 - 22.161 (g . r 0 ) + 84.009 (g • r 0 ) 2 - 141.6 (g . r 0 ) 3 



e s 10 LE - 10 LE2 

LE = 5.3197 - 48.816 (g . r 0 ) + 197.65(g • r 0 ) 2 - 317.05 (g - r 0 ) 3 
LE2 = 0.56302 - 0.42878m + 0.042574m 2 



(Eq. 18) 



c-dsh 4 -c + dand (£q 1g) 



{(h 4 -c)/d}^[{h 6 -(a • h 4 + b)}/e] 2 S i. (Eq 20) 

3 - ShS 

C-d/2sh 4 Sc + d/2 (Eq g) 

{2(h 4 -c)/d} 2 + [2{h 6 -( a • h 4+ b)}/e] 2 si. (Eq 10) 
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range of 0.04 g • r 0 ^ 0.27 . 

6. The optical imaging system as claimed in any of Claims 1 to 5, characterized in that the refractive index distribution 
of the rod lenses is given by 

5 

n(0 2 = n o 2 • {1 - (g • r) 2 + f(r)} (Eq. 11) 

wherein f(r) is a function of r that satisfies 

10 h 4A • (g • r) 4 -^ • (g • r) 6 * f (r) =i h 4B • (g • r) 4 + h 6B • (g • r) 6 (Eq. 12) 

for r in a range of 0 ^ r ^ r 0 (r 0 : radius of the portion of said rod lenses functioning as a lens) for two groups of 
refractive index distribution coefficients (n 0 , g, h^, h^ and (n 0 . g, h 4B , h 6B ) that are in the ranges defined by Eq. 

is 2 - Eq. 8. 

7. The optical imaging system as claimed in any of Claims 1 to 6, characterized in that the radius r 0 of the portion of 
said rod lenses functioning as a lens is in a range of 0.05mm £ r 0 ^ 0.60mm. 

20 8. The optical imaging system as claimed in any of Claims 1 to 7, characterized in that r 0 / R is in the range 
0.5 s r 0 /R ^ 10, wherein r 0 is the radius of the portion of said rod lenses functioning as a lens and 2R is a dis- 
tance between the optica! axis of two neighboring rod lenses. 

9. The optical imaging system as claimed in any of Claims 1 to 8, characterized in that Zq / P is in the range 
25 0.5 < Z 0 / P < 1.0 . wherein Zq is a length of a rod lens and P = 2n/g is a one-pitch length of said rod lenses. 

10. The optical imaging system as claimed in any of Claims 1 to 9 characterized in that the overlapping degree m that 
is defined as m = X 0 / 2r 0 , wherein Xq is an image radius that said rod lenses project onto the image plane and r 0 
is the radius of the portion of said rod lenses functioning as a lens, is in a range of 1.0 s m s 5.0. 

30 

11. The optical imaging system as claimed in any of Claims 1 to 10, characterized in that a parallel pfane transparent 
substrate is arranged so that the object plane is positioned at a front focal position of the rod lens array. 

12. The optical imaging system of Claim 1 1 , characterized in that the parallel plane substrate contacts lens surfaces of 
35 the rod lens array 
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